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Abstract
Thin films of the high-temperature superconductor HgBa2CaCu2O6 have been prepared on
SrTiO3 substrates by pulsed-laser deposition of precursor films and subsequent annealing in
mercury-vapor atmosphere. The microstructural properties of such films can vary considerably
and have been analyzed by x-ray analysis and atomic force microscopy. Whereas the resistivity
is significantly enhanced in samples with coarse-grained structure, the Hall effect shows little
variation. This disparity is discussed based on models for transport properties in granular
materials. We find that, despite of the morphological variation, all samples have similar
superconducting properties. The critical temperatures Tc ∼ 121.2K …122.0K, resistivity, and
Hall data indicate that the samples are optimally doped. The analyses of superconducting
order parameter fluctuations in zero and finite magnetic fields yield the in-plane
ξab(0) ∼ 2.3 nm…2.8 nm and out-of-plane ξc(0) ∼ 0.17 nm…0.24 nm Ginzburg–Landau
coherence lengths at zero temperature. Hall measurements provide estimates of carrier
scattering defects in the normal state and vortex pinning properties in the superconducting state
inside the grains.
Keywords: mercury cuprate, superconductor, resistivity, Hall effect,
order parameter fluctuations, coherence length, granular materials
(Some figures may appear in colour only in the online journal)
1. Introduction
The mercury cuprates of the Hg–Ba–Ca–Cu–O family
form a homologous series with the chemical formula
HgBa2Can− 1CunO2n+2+δ (HBCCO). The discovery of
Original content from this workmay be used under the terms
of the Creative Commons Attribution 4.0 licence. Any fur-
ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.
high-temperature superconductivity in the n= 1 compound
[1] and the even higher transition temperatures Tc= 120 K
in the n= 2 [2] and Tc= 135 K in the n= 3 material [3],
respectively, has triggered enormous research interest. The
latter compound still holds the record for the highest critical
temperature Tc of any superconductor at ambient pressure
and for a cuprate superconductor with Tc,onset = 164K under
quasi-hydrostatic pressure of 31GPa [4]. Mercury cuprates
have been synthesized from n= 1 to 7 with Tc raising with
the number n of neighboring CuO2 layers up to a maximum at
n= 3 and then decreasing for n> 3 [5].
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In contrast to their very promising superconducting prop-
erties, the mercury cuprates are hard to synthesize and handle
due to the highly volatile and toxic nature of Hg and Hg-
based compounds. For a possible effective use, but also for a
measurement of the basic intrinsic properties, the fabrication
of high-quality thin films is demanded. Several groups have
succeeded in this task, mainly by using pulsed-laser deposition
(PLD) of a precursor filmwith subsequent annealing in Hg and
O2 containing atmosphere [6–9]. Later it was demonstrated
that HBCCO thin films can be grown on vicinal substrates in
a well-oriented manner and form a roof-tile like structure that
allows for measurements of in-plane and out-of-plane proper-
ties on the very same sample [10, 11].
As a consequence of the subtle preparation conditions, the
properties of HBCCO samples reported by various groups
vary significantly. Investigations of the electrical transport
properties in samples with different structural properties have
been rare. It remains ambiguous whether such diversity stems
from slightly different preparation conditions in individual
laboratories or can occur also at supposedly identical fab-
rication procedures. For instance, in polycrystalline samples
of HgBa2CaCu2O6 (Hg-1212) a room temperature variation
of the electrical resistivity by a factor larger than two was
observed between individual samples that were cut from the
same ceramics but annealed for different time intervals [12].
Surprisingly, the Hall effect of these samples was remark-
ably similar. On the other hand, both the resistivity and the
Hall effect changed significantly in a Hg-1212 thin film after
several annealing steps in different mercury and oxygen
atmospheres [13].
Several authors have investigated the electrical transport
properties, such as resistivity and the Hall effect, in HBCCO
in detail, but without putting emphasis on possible vari-
ations between individual samples. Mostly, results of only a
single sample were presented. In the mixed-state Hall effect, a
double sign reversal, similar to that observed in other cuprate
superconductors with high anisotropy, was reported [14]. In
addition, it was found that after introducing strong pinning
by high-energetic Xe+ ion irradiation, a triple sign change
evolves [15]. Further investigations concerned the resistiv-
ity in magnetic fields oriented perpendicular and parallel
to the CuO2 planes, the critical current density, the angu-
lar dependence of the depinning field [16] and the normal
and mixed-state Hall effect [17] in partially Re-substituted
Hg0.9Re0.1Ba2CaCu2O6+δ (HgRe-1212) thin films. The Hall
effect’s dependence on the angle between the magnetic field
and the ab planes in the Hg-1212 thin films could be explained
by the common behavior of HTSCs in the normal state and a
renormalized superconducting fluctuation model for the tem-
perature region close to Tc, where the Hall effect exhibits its
first sign change [18].
Recently, revived interest in the n= 1 HBCCO compound
has emerged, as it is a model system for a single-CuO2 layer
cuprate. Investigations on underdoped samples of this com-
pound [19, 20] have shed light on the nature of the ubiquitous
pseudogap in underdoped cuprate superconductors.
In this paper we investigate the structural and the elec-
trical transport properties of three Hg-1212 thin films,
fabricated by pulsed-laser deposition on SrTiO3 substrates.
Although we intentionally included a ‘bad’ sample with much
higher room-temperature resistivity, we find that fundamental
superconducting properties, like the critical temperature and
the anisotropic Ginzburg–Landau coherence lengths show
only little variation in samples with significantly different
granularity.
2. Sample preparation and characterization
Thin films of Hg-1212 were fabricated in three individual
runs (each about four months apart) under the same prepar-
ation conditions. The labeling of the samples corresponds
to the time sequence. The fabrication is a two-step pro-
cess using polished 5× 5mm large (001) SrTiO3 crystal sub-
strates with similar surface roughness. Firstly, amorphous
precursor films were deposited on the substrates using pulsed-
laser deposition (PLD) [21] with 25 ns KrF excimer laser
pulses (λ= 248 nm) with 10 Hz repetition rate. In a second
step, the films were annealed in a mercury vapor atmosphere
employing the sealed quartz tube technique [8–10]. Typic-
ally, sintered targets of nominal composition Ba:Ca:Cu =
2:2:3 are employed for laser ablation and precursor films
are deposited at room temperature. For Hg-1212 phase form-
ation and for crystallization of films with c-axis orienta-
tion annealing at high temperature (800 ◦C–830 ◦C) and high
vapor pressure (35 bar) is required. HBCCO thin films usually
reveal reduced surface quality, phase purity and crystallinity
as compared to other HTSC thin films that are grown in a
single-step process, like those of YBa2Cu3O7 (YBCO) and
Bi2Sr2Can− 1CunO2(n+2)+δ (BSCCO). However, phase-pure
epitaxial Hg-1212 films with improved surface morphology
are achieved by using mercury-doped targets (Hg:Ba:Ca:Cu
≈ 0.8:2:2:3) for laser-ablation and by deposition of precursor
films at an elevated substrate temperature TS = 350 ◦C.
Figure 1 shows the x-ray diffraction (XRD) data of three
samples. The (00l) indices of Hg-1212 are clearly visible.
The full width at half maximum (FWHM) of the (005) rock-
ing curve is about 7◦ for sample A, 6◦ for sample B, and 1◦
for sample C, respectively (data not shown). Besides of the
well pronounced peaks resulting from the SrTiO3 substrate
only small traces of unknown spurious phases are visible and
marked by asterisks. In sample B, however, the Hg-1212 XRD
peaks have lower heights as compared to those of SrTiO3 and
the peaks of spurious phases are larger, indicating a smaller
amount of the Hg-1212 phase and a larger portion of spurious
phases and voids. This reflects the susceptibility of the mer-
cury cuprates to subtle uncontrollable variations of the pre-
paration conditions, since identical procedures and the same
substrate materials have been used.
The surface textures of the three samples are measured by
atomic force microscopy (AFM) and are displayed in figure 2.
The annealed films reveal a dense and homogeneous structure,
an even surface without a-axis oriented grains, and no regions
of unreacted material. Bright spots in the AFM scans indic-
ate particulates of 3…6µm diameter and 0.5…1µm height,
which are typically found in HTSC thin films fabricated by
2
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Figure 1. X-ray diffraction scan of three HgBa2CaCu2O6 (Hg-1212) thin films. The curves are offset for better visibility (sample A: top
curve, sample C: bottom curve). The (00l) indices of Hg-1212 and the SrTiO3 substrate are indicated and unknown spurious phases are
marked by asterisks. Note the significant reduction of the Hg-1212 peak heights of sample B.
Sample A Sample B Sample C
Figure 2. Atomic force microscopy height profiles of samples A, B, and C. All pictures display an area of 70µm × 70µm. Bright spots
indicate particulates on the film surface.
PLD and, for instance in YBCO, can be removed by mechan-
ical and chemical polishing [22]. Sample B exhibits a coarser
grain morphology and the larger angular spread of the x-ray
rocking curve indicates an enhanced misorientation of the
grains.
3. Experimental setup for the electrical
measurements
For the electrical transport measurements, the Hg-1212
films were patterned by standard photolithography and
wet-chemical etching into strips with two pairs of adjacent side
arms. Electrical contacts were established by Au wire and sil-
ver paste on Au pads that were previously evaporated on the
sample’s side arms. The thicknesses of the films were determ-
ined by AFM. The main parameters of the three samples are
summarized in table 1.
Resistivity and Hall effect measurements were performed
in a closed-cycle cryocooler mounted between the pole pieces
of an electromagnet. DC currents were provided by a Keithley
2400-LV constant current source and the longitudinal and
transverse voltages were recorded simultaneously with the two
channels of a Keithley 2182 nanovoltmeter. The directions of
both the current and the magnetic field were reversed multiple
times for every data point to cancel spurious thermoelectric
signals, transverse voltages stemming from contact misalign-
ment, and to enhance the signal to noise ratio. The temperature
stability at individual setpoints is better than ±0.01K.
4. Results and discussion
The temperature dependencies of the longitudinal resistivity
of the three samples are compared in figure 3. They show a
linear behavior of the normal state resistivity ρxx, typical for
optimally-doped cuprate HTSCs and a reduction of ρxx below
the linear trend above Tc stemming from superconducting
fluctuations [23].
The inset of figure 3 demonstrates that, despite of the
significantly different absolute values of ρxx, all three samples
exhibit a similar qualitative behavior when a scaling accord-
ing to ρxx(T)/ρxx(300K) is applied. This fact contrasts with
the typical observation in HTSCs with point defects like
3
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Table 1. Properties of the Hg-1212 films, where w is the width of the patterned strip, l the distance between the voltage probes, tz the film
thickness, and Tc the critical temperature defined by the inflection point of the resistive superconducting transition curve. Note that sample
A has similar bridge dimensions as the other samples, but different voltage probes have been used. The intercept of the extrapolated linear
normal-state resistivity is ρxx(0K), and ξab(0) are the in-plane and ξc(0) the out-of-plane Ginzburg–Landau coherence lengths at T = 0,
respectively.
w l tz Tc ρxx(0K) ξab(0) ξc(0)
Sample (µm) (µm) (µm) (K) (µΩ cm) (nm) (nm)
A 140± 10 620± 5 0.41± 0.09 122.0 −36 2.4± 0.3 0.18± 0.05
B 138± 2 1240± 5 0.46± 0.14 121.2 −43 2.3± 0.3 0.24± 0.05
C 128± 6 1240± 5 0.43± 0.19 121.7 −42 2.8± 0.2 0.17± 0.02
Figure 3. Electrical resistivity of the three Hg-1212 films as a function of temperature. The inset shows the resistivities normalized to their
values at 300K.
disordered oxygen atoms [24, 25], where such a scaling is
violated and the intercept ρxx(0K) from an extrapolation of the
normal state is shifted to higher values when the concentration
of point defects is increased. In fact, ρxx(0K) is slightly negat-
ive and similar for all three samples, indicating a minor influ-
ence of point defects on the resistivity. Remarkably, the critical
temperatures of all samples are similar, too, as listed in table 1.
These observations indicate that the intragrain resistivities of
the samples are similar, but different granularity and different
amount of voids and bad-conducting spurious phases lead to a
large variation of the macroscopic resistivity.
An analysis of thermodynamic superconducting order para-
meter fluctuations (SCOPF) [26] allows one to determ-
ine the anisotropic Ginzburg–Landau coherence lengths in
superconductors. This method has been applied to many
HTSCs but only rarely to Hg-1212 and is based on an
evaluation of the paraconductivity ∆σxx(0) in zero and the
paraconductivity ∆σxx(Bz) in a moderate magnetic field Bz,
applied perpendicular to the crystallographic ab plane. The
total measured conductivity is σxx(0) = σNxx(0)+∆σxx(0) and
σxx(Bz) = σNxx(Bz)+∆σxx(Bz), respectively. Commonly, the
normal-state conductivities σNxx(0) and σ
N
xx(Bz) are determined
by extrapolating the linear temperature dependence of the res-
istivity in the normal state towards lower temperatures. In
our samples no deviations from a linear trend at temperatures
between 200 K and 300 K are noticeable and, hence, it
is assumed that the SCOPF are negligible above 200 K
and furthermore no influence of a pseudogap behavior is
expected [27].
In a magnetic field, however, such a procedure requires the
assumption that the normal-state magnetoresistance is neg-
ligible, i.e. σNxx(Bz)≃ σNxx(0) in the temperature range under
investigation [28]. In fact, the parameters for the linear fits
to σxx(Bz) and σxx(0) above 200 K are the same, which
indicates a negligible normal-state magnetoresistance in all
samples.
Several different processes contribute to SCOPF [26], but
under the conditions explored in this work, the Aslamazov–
Larkin (AL) [29] process dominates by far. The Lawrence–
Doniach (LD) model [30] is an appropriate extension for two-
dimensional layered superconductors with the out-of-plane
Ginzburg–Landau coherence length at T = 0, ξc(0), as the only





where e is the electron charge, ℏ the reduced Planck constant,
d= 1.2665 nm the distance between adjacent CuO2 double
layers [31], and ϵ= ln(T/Tc)≈ (T−Tc)/Tc is a reduced
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Figure 4. (a) Superconducting transition of the three Hg-1212 films in zero and finite magnetic fields. (b)–(d) Paraconductivities of the
samples as a function of the reduced temperature ε= ln(T/Tc) in zero magnetic field and in Bz= 1.1 T. Symbols indicate the experimental
data, full lines the fits to equation (1) for the paraconductivity in zero field and dotted lines the fits to equation (2) in finite field, respectively.
temperature. The dimensionless coupling parameter between
the superconducting layers is α= 2ξ2c (0)d
−2ϵ−1.
A magnetic field oriented perpendicular to the CuO2 lay-
ers leads to a reduction of SCOPF by orbital and Zeeman pair
breaking, which is also reflected by a decrease of the mean-
field Tc. The Zeeman interaction is important for an orienta-
tion of the magnetic field parallel to the CuO2 layers only [32]
and can be neglected in the present analysis. The paraconduct-
ivity in finite magnetic field considering the orbital interaction






























where ϵk = ϵ[1+α(1− coskd)], k is the momentum parallel
to Bz, ψ is the digamma function, and h= ln[Tc(0)/Tc(Bz)] =
2eξ2ab(0)Bz/ℏ reflects the reduction of Tc in the magnetic field.
equation (2) contains two fit parameters, where ξc(0) is already
determined by equation (1), leaving the in-plane coherence
length at T = 0, ξab(0), as the only adjustable parameter.
Figure 4(a) shows the superconducting transitions in zero
and finite magnetic fields and figures 4(b)–(d) the result-
ing paraconductivities ∆σxx(0) and ∆σxx(Bz) as a function
of the reduced temperature ε together with fits to the LD
(equation (1)) and ALO (equation (2)) processes. To account
for the higher resistivities observed in samples A and B due to
a larger fraction of non-superconducting voids and spurious
phases, the theoretical paraconductivity curves are scaled by a
factor of 0.70 (0.09) for sample A (sample B) that is determ-
ined during the fit procedure. The choice of the scaling factor
and the coherence lengths have only marginal interdepend-
ence, since only the latter define the curvature of the plots. Of
course, this introduces an additional uncertainty for the evalu-
ation of ξc(0) in samples A and B but has only a minor impact
on ξab(0).
In paraconductivity studies of HTSCs three temperature
regions can be distinguished. Very close to Tc the fluctuating
superconducting domains start to overlap and the paraconduct-
ivity falls below the predictions of equations (1) and (2). This
situation is accounted for by renormalized fluctuation theor-
ies [34, 35], which do not contribute to the determination of
the coherence lengths and hence are outside of the scope of
the present analysis. A counteracting effect can be evoked by
a non-homogenous Tc [36]. Both corrections, as well as the
exact value of the mean-field Tc used for the calculation of the
reduced temperature ε are relevant for ϵ < 0.01 only. On the
other hand, a high energy cutoff of the fluctuation spectrum
[37] leads to a smaller paraconductivity as compared to theory
for ϵ > 0.1 that can be modeled by a heuristic function result-
ing in a very similar ξc(0) [38]. In the intermediate temperat-
ure region 0.01< ϵ < 0.1 the fit parameters can be determined
with good precision.
5
Supercond. Sci. Technol. 34 (2021) 035031 H Richter et al
Figure 5. Hall effect in the three Hg-1212 films, measured at Bz= 1.1 T. Left panel: Hall coefficient RH as a function of temperature. The
inset shows a blow-up of the temperature region around Tc. Right panel: cotangent of the Hall angle ΘH normalized to 1 T as a function of
the square of the temperature. Only data above Tc are shown. The lines indicate fits to the data in the normal state.
The resulting values of the coherence lengths are listed
in table 1. Note that despite of the large variation of the
resistivities of the samples, their coherence lengths are quite
similar. Nonetheless, a correlation with other sample proper-
ties can be discussed tentatively. With degradation of the mor-
phology and increase of the resistivity, ξc(0) increases, while
ξab(0) decreases, leading to a reduction of the anisotropy in the
superconducting state. An increase of crystallographic misor-
ientation between individual grains naturally leads to a reduc-
tion of the anisotropy, which is here determined averaged over
the entire film, and is also evidenced by the broader rocking
curves of samples A and B.
Compared to other studies in grain-aligned polycrystal-
line Hg-1212 samples we find about half as long out-of-
plane coherence lengths [39] and larger [39, 40] or sim-
ilar [41] in-plane coherence lengths, indicating a higher
anisotropy γ = ξab(0)/ξc(0)∼ 9.6 . . .16.5 in our samples. In
a HgRe-1212 thin film γ∼ 7.7 was estimated [16], while
higher values γ∼ 29 [42] and γ∼ 52 [43] were reported in
HgBa2CuO4+δ and HgBa2Ca2Ca2Cu3O8+δ single crystals,
respectively. These findings point to a correlation between
sample morphology and measured anisotropy.
The Hall coefficient is RH = Ey/( jxBz), where Ey is the
transverse electric field measured between adjacent side arms
of the sample, jx the current density along the strip-shaped Hg-
1212 film, and Bz the magnetic field perpendicular to the film
surface. Remarkably, RH is similar in all samples, as can be
noticed in figure 5 (left panel).
In the normal state RH is positive (hole-like) and increases
towards lower temperatures, followed by a sharp drop around
Tc and a subsequent change to negative values. Furthermore, a
second sign reversal back to positive RH is noticeable, but dif-
ferently pronounced in the samples as displayed in the inset
of figure 5 (left panel). Qualitatively, our observations are in
line with previous investigations in Hg-1212 [14, 17] and Bi-
2212 films [44, 45]. The peculiar sign change of RH from
positive in the normal state to negative in the vortex-liquid
regime is still not consensual [46, 47] and is out of the scope of
the present work. Renormalized superconducting fluctuations
[48], collective vortex effects [49], and pinning centers [50]
are some possible explanations.
While the domain of negative RH looks similar in all
samples, the positive RH data at the low temperature tail show
more variations. InYBCO, such a double sign reversal is rarely
observed and then attributed to vortex-lattice melting [51] or
pinning at twin boundaries [52]. In Hg-1212 it is considered an
intrinsic property [14], like in Bi-2212, where it becomesmore
prominent when pinning is reduced in enhanced current dens-
ities [45]. As it will be discussed below, the Hall effect is dom-
inated by intragrain properties. Thus, enhanced vortex pin-
ning within the grains would shift the onset of dissipation and
hence the appearance of a finite Hall signal to higher temper-
atures [48]. Along these lines one might argue that an intrinsic
positive Hall effect at the low temperature tail is reduced or
invisible in samples with a higher density of vortex pinning
centers.
The Hall effect in the normal state is displayed in the right
panel of figure 5 in an appropriate scaling to demonstrate
that, for all three samples, it follows Anderson’s law [53]
cotΘH = αT2 +C, where C is proportional to the density of
carrier scattering defects and α is a measure of the carrier
density. The linear trend can be observed in the temperature
range from ∼135K to 300K, up to higher temperatures than
in HgRe-1212 thin films [16]. The upturn close to Tc is due to
the onset of SCOPF.
At first sight, α and C appear to be quite different. Since
cotΘH = ρxx/(RHBz), the voids in the sample that lead to
enhanced ρxx, as seen in figure 3, in a similar manner effect
cotΘH . Hence, if the same scaling as in the inset of figure 3
is applied to the curves of samples A and B, taking sample C
as the reference, a comparison can be made. It turns out that
α is similar in all samples, reflecting a similar carrier density
inside the grains, while the intercept C is largest in sample B
and smallest in sample A. Although only a rough estimate, it
would indicate the smallest density of carrier scattering defects
inside the grains in sample A. Such defects do not only impact
the normal-state transport effects but can also act as vortex pin-
ning centers in the superconducting state. On these grounds it
6
Supercond. Sci. Technol. 34 (2021) 035031 H Richter et al
is understandable that in sample A the smallest value of the
interceptC and the largest positive Hall effect peak at low tem-
peratures are observed.
Finally, we discuss the minor variation with sample
morphology of RH observed in figure 5 (left panel) to the
contrasting large spread of the resistivities (see figure 3). Vol-
ger [54] has theoretically considered a material consisting
of well conducting grains separated by thin layers of lower
conductivity, which in our samples can be attributed tentat-
ively to grain boundaries, voids, and spurious badly conduct-
ing phases. In this scenario, the experimentally determined
average resistivity can be dominated by the high-resistance
domains and can thus be much higher than the intragrain res-
istivity. On the other hand, the experimentally found RH will
not be very different from its intragrain value.
Alternatively, one could consider that the voids in the
material reduce the cross section of the current path. Then,
using the macroscopic dimensions of the sample for the cal-
culation, the resistivity will be overestimated. However, the
local current density in the grains is larger than its average
value, giving rise to an enhanced transverse Hall voltage. Since
the Hall voltage is probed quasi-electrostatically, intergran-
ular resistances are negligible and the Hall voltages of indi-
vidual grains add up in a series connection across the width of
the thin film. Intuitively, this is also reflected by the calculation
ofRH into which only the film thickness enters, whereas for the
evaluation of the resistivity the sample’s thickness, width, and
the probe distance are relevant.
5. Conclusions
In summary, we have investigated the resistivity and the
Hall effect in three Hg-1212 thin films of different mor-
phologies, which were characterized by x-ray diffraction
and AFM scans. Despite of a large variation of the abso-
lute values, the resistivity of all samples is linear in the
normal state, as it is observed in optimally doped HTSCs.
The critical temperatures Tc ∼ 121.2K …122.0K are sim-
ilar in all samples, too, and the deviations from the linear
resistivity trend due to SCOPF allow for the determina-
tion of the in-plane ξab(0)∼ 2.3 nm…2.8 nm and out-of-plane
ξc(0) ∼ 0.17 nm…0.24 nm Ginzburg–Landau coherence
lengths.
In sharp contrast to the resistivity, the normal-state Hall
effect is similar in the three samples and is dominated by their
intragranular properties. It allows to conclude that inside the
grains the carrier density is almost the same in all samples, but
the density of carrier scattering defects is different. The Hall
effect in the superconducting state exhibits two sign changes,
from which the one at lower temperatures is sample depend-
ent and can indicate different vortex pinning properties due to
different defect densities inside the grains. Finally, our ana-
lyses of various transport measurements on different samples
indicate that the intragranular intrinsic properties of the Hg-
1212 films can be estimated adequately despite of their diverse
macroscopic resistivities.
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